Spread of an Inactive Form of Caspase-12 in Humans Is Due to Recent Positive Selection  by Xue, Yali et al.
www.ajhg.org The American Journal of Human Genetics Volume 78 April 2006 659
Spread of an Inactive Form of Caspase-12 in Humans Is Due to Recent
Positive Selection
Yali Xue,1 Allan Daly,1 Bryndis Yngvadottir,1 Mengning Liu,1 Graham Coop,3 Yuseob Kim,4
Pardis Sabeti,5 Yuan Chen,2 Jim Stalker,1 Elizabeth Huckle,1 John Burton,1 Steven Leonard,1
Jane Rogers,1 and Chris Tyler-Smith1
1The Wellcome Trust Sanger Institute and 2European Bioinformatics Institute, Wellcome Trust Genome Campus, Hinxton, United Kingdom;
3Human Genetics Department, University of Chicago, Chicago; 4Department of Biology, University of Rochester, Rochester, NY; and 5Broad
Institute of the Massachusetts Institute of Technology and Harvard University, Cambridge, MA
The human caspase-12 gene is polymorphic for the presence or absence of a stop codon, which results in the
occurrence of both active (ancestral) and inactive (derived) forms of the gene in the population. It has been shown
elsewhere that carriers of the inactive gene are more resistant to severe sepsis. We have now investigated whether
the inactive form has spread because of neutral drift or positive selection. We determined its distribution in a world-
wide sample of 52 populations and resequenced the gene in 77 individuals from the HapMap Yoruba, Han Chinese,
and European populations. There is strong evidence of positive selection from low diversity, skewed allele-frequency
spectra, and the predominance of a single haplotype. We suggest that the inactive form of the gene arose in Africa
∼100–500 thousand years ago (KYA) and was initially neutral or almost neutral but that positive selection beginning
∼60–100 KYA drove it to near ﬁxation. We further propose that its selective advantage was sepsis resistance in
populations that experienced more infectious diseases as population sizes and densities increased.
Received November 17, 2005; accepted for publication February 1, 2006; electronically published February 21, 2006.
Address for correspondence and reprints: Dr. Chris Tyler-Smith, The Wellcome Trust Sanger Institute, Wellcome Trust Genome Campus,
Hinxton, Cambs CB10 1SA, United Kingdom. E-mail: cts@sanger.ac.uk
Am. J. Hum. Genet. 2006;78:659–670.  2006 by The American Society of Human Genetics. All rights reserved. 0002-9297/2006/7804-0012$15.00
Our evolutionary past profoundly inﬂuences our current
genetic makeup, including our predispositions to health
and disease, and is also of great intrinsic interest.Weknow
from fossil and archaeological records that both the hu-
man genus Homo and our species sapiens evolved in
Africa. Anatomically modernHomo sapienswas present
in Ethiopia ∼195 thousand years ago (KYA) (McDougall
et al. 2005), but modern human behavior developed
much later (∼50–100 KYA) (Henshilwood et al. 2002),
and populations outside Africa derive their genes almost
entirely from migrations of humans who were both an-
atomically and behaviorally modern, beginning ∼50–60
KYA, followed by further local adaptations (Jobling et
al. 2004). Many of the changes in phenotype must have
had a genetic component, and we would like to under-
stand these, but few of the relevant genes have been
identiﬁed.
Two approaches have been used to search for these
evolutionarily important genes. One is to start from a
phenotype of interest, for which biological information
or a Mendelian disorder may point toward a particular
gene. The identiﬁcation of genes involved in resistance
to malaria (e.g., Saunders et al. 2002) or dietary adap-
tation (e.g., Bersaglieri et al. 2004) and the ASPM gene
(in which mutation produces microcephaly) (Zhang
2003; Evans et al. 2004; Mekel-Bobrov et al. 2005) and
the FOXP2 gene (in which mutation produces speech/
language disorder) (Enard et al. 2002; Zhang et al. 2002)
testiﬁes to the utility of this approach, but, inmany cases,
we do not know which genes inﬂuence the phenotype
of interest. A complementary approach is, therefore, to
identify changes in DNA sequence, gene copy number,
or expression level without prior information about their
phenotypic relevance. The chimpanzee genome sequence
allows for genomewide comparisons (Chimpanzee Se-
quencing and Analysis Consortium 2005), whereas tar-
geted studies have examined coding regions (Clark et al.
2003), gene-copy-number changes (Fortna et al. 2004),
and expression-level changes, particularly in brain (re-
viewed by Preuss et al. [2004]). These analyses provide
information mainly about ﬁxed differences, whereas stud-
ies of variation within humans provide information about
more-recent genetic changes that still differ betweenpop-
ulations (e.g., Kayser et al. [2003]). These genomewide
studies often identify large numbers of differences, most
of which are likely to be neutral, but provide candidates
for further investigation.
Once candidate genes have been identiﬁed, their rel-
evance needs to be evaluated. Evolutionarily important
genes will have undergone positive selection, and this
leaves an imprint on the gene and its surrounding region.
There is no single test for past positive selection, but
patterns of amino acid change, nucleotide diversity, al-
lele-frequency spectra, differentiation between popula-
tions, and haplotype structure can all provide some in-
formation (Ronald and Akey 2005). Genes or alleles that
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Table 1
Primers and PCR Conditions
The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
have been positively selected can show such properties as
rapid amino acid change, low diversity, high frequencies
of rare or derived alleles, large differences between pop-
ulations, and/or extended haplotypes, depending on the
time when selection began and the frequency of the se-
lected allele. Genes that do show evidence of positive se-
lection fall into two categories: those that are selected
in a wide variety of species, because they are involved
in processes like host-pathogen interactions or reproduc-
tion, and those involved in more human-speciﬁc traits
(Vallender and Lahn 2004).
Changes in protein sequence and expression pattern
have been considered general molecular mechanisms un-
derlying human evolution (King and Wilson 1975). One
variant of these, gene loss, may be a common way in
which populations and species adapt, because the multi-
plicity of ways in which a gene can be inactivated means
that loss-of-function mutations are readily available for
selection to act on (Olson 1999). Examples relevant to
human evolution include (1) the inactivation, several mil-
lion years ago, of a myosin heavy chain gene (MYH16),
expressed predominantly in masticatory muscles, that
may have inﬂuenced the anatomy of the head and re-
moved a constraint to the development of the modern
brain (Stedman et al. 2004), and (2) the CCR5 D32 de-
letion that inactivates the CCR5 protein, with the result
that D32/D32 homozygotes are strongly protected against
HIV infection and AIDS and heterozygotes receive some
protection (Dean et al. 1996). Although the D32 muta-
tion must confer a selective advantage now and its cur-
rent abundance has been suggested to result from selec-
tion by prehistoric infections, the variation of this gene
is compatible with a neutral evolutionary past (Sabeti et
al. 2005).
The caspase-12 gene (CASP12) provides another ex-
ample of gene loss. It exists in two forms: full length
(ancestral, active) or truncated in the middle by a stop
codon at aa 125 (derived, inactive) (Saleh et al. 2004).
This polymorphism has been shown to have signiﬁcant
phenotypic consequences: individuals with the full-length
form produce lower levels of cytokines after stimulation
by bacterial lipopolysaccharides, which leads to a lower
initial immune response. If bacteria enter the bloodstream,
however, they are at greater danger of immune overre-
action and sepsis (Saleh et al. 2004). The active form was
reported at a frequency of ∼20% in Africa but was rare
elsewhere. Because of the biological interest of this gene
and the limited amount of information available about
its evolutionary history, we investigated whether the pre-
dominant inactive form spread by neutral genetic drift
or because of a selective advantage associated with gene
loss. We conclude that it has spread through most of the
human population within the past 100 KY because of
positive selection.
Material and Methods
Population Samples
The examined samples consisted of 1,064 individuals from
the CEPH Human Genome Diversity Panel (HGDP-CEPH)
(Cann et al. 2002) and 77 individuals—26 Yoruba from Iba-
dan, Nigeria (YRI); 26 Han Chinese from Beijing (CHB); and
25 CEPH Utah residents with ancestry from northern and
western Europe (CEU)—from the HapMap panel (Interna-
tional HapMap Consortium 2003).
Genotyping the Stop-Codon Polymorphism
The stop-codon polymorphismwas genotyped in theHGDP-
CEPH samples by SNaPshot primer extension as part of a
tetraplex reaction. A fragment containing the stop-codon
polymorphism was ampliﬁed using the forward primer 5′-
CTCAACATCCGCAACAAAGA-3′ and the reverse primer 5′-
TTGCTCTTTCAGCTGCCAAT-3′, followed by PCR exten-
sion with the primer 5′-GTATCCAAGGTTTTCAAGTAGAT-
CTC-3′, through use of the ABI Prism SNaPshot Multiplex Kit
(Applied Biosystems) according to the manufacturer’s guide-
lines, with minor modiﬁcations.
Resequencing and Detection of Variants
PCR-ampliﬁed fragments of ∼9–11 kb were generated from
genomic DNA, then fragments of 500–700 bp overlapping by
200–400 bp were reampliﬁed and sequenced. Primer and PCR
details are given in table 1. For each individual, each nucleotide
position was determined from both strands by at least two
reads each. The CASP12 genomic DNA sequence (GenBank
accession number NC_000011) was used as the reference se-
quence, and the chimpanzee Casp12 sequence (GenBank ac-
cession number NW_113990) was used in some analyses. The
seven exons in the standard transcript (AceView) and an eighth
exon (exon 3) present in some splice variants (Fischer et al.
2002) were considered.
Sequence traces were processed by the program ExoTrace,
developed at The Wellcome Trust Sanger Institute (S. Leonard,
unpublished material). Potentially polymorphic positions were
ﬂagged by the program and then were checked manually. Var-
iants were accepted if they lay in a region with a Phred score
30 and were detectable in other relevant high-quality reads.
In a blind test, 1,328 (99.4%) of the 1,336 SNPs identiﬁed
in this way corresponded to the genotype of the same sample
in the HapMap database, equivalent to the accuracy of the
HapMap data themselves (International HapMap Consortium
2005).
Data Analysis
For the stop-codon polymorphism, allele frequencies were de-
termined by direct counting. A x2 test was performed for each
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population as well as on the pooled world population, to eval-
uate Hardy-Weinberg equilibrium (HWE). F statistics were cal-
culated according to themethods ofWeir andCockerham(1984)
with the program FSTAT (Goudet 1995) and resulted in a value
between 0 and 1, where 0 would imply no differentiation be-
tween populations and 1, complete differentiation.
Linkage disequilibrium (LD) blocks were inferred from ge-
notype data through use of the Haploview program (Barrett
et al. 2005). Haplotypes were reconstructed using PHASE 2.1
(Stephens et al. 2001; Stephens and Donnelly 2003; see the
StephensWeb site). A median-joining networkwas constructed
using NETW4.1.0.9 (Bandelt et al. 1999; Fluxus). The ratio
of the number of nonsynonymous substitutions per nonsy-
nonymous site (Ka) to the number of synonymous substitutions
per synonymous site (Ks), Ka/Ks, and summary statistics (Ta-
jima 1989; Fu and Li 1993; Fu 1997; Fay and Wu 2000) were
calculated using DnaSP 4.00 (Rozas et al. 2003). Several of
these tests compare different estimators of the population mu-
tation parameter, v. Tajima’s D compares v estimated from the
number of polymorphic sites with v estimated from the nu-
cleotide diversity; negative values indicate an excess of rare
variants, whereas positive values indicate an excess of inter-
mediate-frequency variants. Fu and Li’s tests compare v esti-
mated from the number of mutations in external branches of
a gene tree rooted using the chimpanzee as an outgroup, with
v estimated from the number polymorphic sites (giving D) or
the nucleotide diversity (giving F), and negative values indicate
an excess of singleton mutations. Fay and Wu’s H compares
v estimated from the nucleotide diversity with a v estimator
based on the frequency of derived variants, and negative values
indicate an excess of high-frequency derived alleles. The other
tests compare the observed haplotype distribution with that
expected under a chosen population model. Fu’s Fs is based
on the probability of obtaining a sample with an equal or larger
number of haplotypes than that observed, whereas the com-
mon-haplotype frequency test measures whether themost com-
mon single haplotype is expected to reach the frequency ob-
served. Coalescent simulations were performed using the pro-
gram ms (Hudson 2002) via a custom Perl script to process
the output. Extended haplotype homozygosity (EHH) or rel-
ative EHH (REHH), which measures the decay of the ancestral
extended haplotype with distance due to recombination (Sabeti
et al. 2002), was analyzed using the program Sweep 1.0.
Frequency-based ages of the stop-codon mutation were es-
timated as described elsewhere (Grifﬁths 2003). Phylogeny-
based time to the most recent common ancestor (TMRCA)
estimates were obtained from NETW4.1.0.9 with use of a
mutation rate based on 82 ﬁxed differences between chimpan-
zee and human in the 8.6-kb LD block, under the assumption
that 41 mutations occurred on each lineage and that the lin-
eages split 7 million years ago. The hypotheses of a partial
and complete selective sweep were compared using a compos-
ite-likelihood-ratio test (Meiklejohn et al. 2004). Likelihoods
for both partial and complete sweeps were calculated from the
entire data under the assumption that the selective target is
located at the site of the stop-codon mutation. To estimate the
strength of putative selection on the stop-codon mutation, we
applied the composite likelihood analysis (Kim and Stephan
2002) to the subsample of haplotypes carrying the inactive
gene, again assuming that the selective target is the stop-codon
mutation. We assumed that and , where8N p 10,000 rp 10e
Ne is the effective population size and r is the recombination
rate per base per generation across the ∼13-kb region. In ad-
dition, we applied a full likelihood method (Coop and Grifﬁths
2004) to estimate the selection coefﬁcient of the stop-codon
polymorphism under a model of genic selection. The method
assumes no recombination, so we restricted the analysis to an
∼2-kb region, surrounding the polymorphism, that showed no
evidence of recombination under the four-gamete test (Hudson
and Kaplan 1985). The maximum-likelihood estimate of the
selection coefﬁcient was then used to estimate the age of the
polymorphism by use of the same method (Coop and Grifﬁths
2004). In performing this analysis, we used the per base mu-
tation rate obtained above, an Ne of 10,000 and a generation
time of 25 years. Both methods used to estimate the strength
of selection make the assumption of a single panmictic, con-
stant-sized population.
Results
Worldwide Distribution of the Stop-Codon
Polymorphism
We ﬁrst investigated the distribution of the active and
inactive forms of the caspase-12 gene in theHGDP-CEPH
panel of 1,064 individuals from 52 worldwide popula-
tions. The results (ﬁg. 1 and table 2) show that the active
form of the gene predominates in some sub-Saharan Af-
rican populations but is very rare outside Africa. Mbuti
Pygmies and San have the highest frequencies of the active
form—60% and 57%, respectively; the average for the
sub-Saharan African populations is 28%. Outside Africa,
the active allele was detected at low frequency in Israel,
Pakistan, China, and Mexico (ﬁg. 1), but the average
was !1%, and 65% of the population samples were
ﬁxed for the inactive form. Although recent admixture
may account for some of the active copies outside Africa
(e.g., Mexico), other populations carrying active genes
have no known history of recent African admixture.
No disagreement with HWE was observed in individ-
ual populations, but the pooled sample departed signif-
icantly from HWE ( ), reﬂecting subdivision. TheP ! .01
large interpopulation variation, mainly caused by differ-
ences between the African and non-African populations,
led to an FST value of 0.274, calculated using the fre-
quency in each individual population. To assess whether
this was unusually high, we compared it with empirically
derived FST values. These are not available on a large
scale for the HGDP-CEPH panel but are available for
American populations of African, Han Chinese, and Eu-
ropean origin (Hinds et al. 2005). We therefore recalcu-
lated the caspase-12 FST for sub-Saharan Africans versus
Han Chinese or Europeans (table 3). Since FST is depen-
dent on minor-allele frequency, we used SNPs matching
the caspase-12 minor-allele frequency averaged across
the pair of populations in each comparison and noted
the 95% empirical ranges of these control FST values
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Table 2
Worldwide Distribution of the Active and Inactive
Forms of the Caspase-12 Gene in the HGDP-CEPH
Diversity Panel
The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
Figure 1 Worldwide distribution of the active and inactive forms of the caspase-12 gene in the HGDP-CEPH diversity panel. Circle area
is proportional to sample size, up to a maximum of 50 individuals.
(table 3). The African-Chinese caspase-12 FST value is
not unusually high; the African-European value is the
maximum possible for its allele frequency but, again, is
not unusual and falls within the 95% CI of the control
SNPs.
Is the observed predominance of the inactive form of
caspase-12 due to positive selection, or does it result
from factors such as a bottleneck associated with human
migration out of Africa that acted on a neutral variant?
Sequence Variation of the Caspase-12 Gene
To address this question, we resequenced a 13.3-kb
stretch of DNA that covers the whole caspase-12 gene
and ∼0.7 kb on each side in 77 individuals from the Hap-
Map collection (26 YRI, 26 CHB, and 25 CEU), and
we investigated the evolutionary history of the region.
Of our sample of 155 chromosomes (including the ref-
erence sequence), 8 carried the active form of the gene:
6 YRI, 1 CHB, and the reference sequence of unknown
origin, roughly reﬂecting the worldwide geographical dis-
tribution. All the rest of the chromosomes carried the
inactive form. A total of 123 SNPs were detected (ta-
ble 4 and online-only tab-delimited SNP table.txt, which
can be downloaded and opened into a spreadsheet), but
these were distributed very unevenly among the forms
of the gene and populations. In the inferred haplotypes,
the active genes were much more diverse: the eight chro-
mosomes carried 61 SNPs and showed a nucleotide di-
versity of , whereas the 147 inactive chro-419.7# 10
mosomes carried 76 SNPs and had a nucleotide diversity
almost 10 times lower, . This led to higher42.0# 10
diversity in the YRI ( ) than in the other pop-49.1# 10
ulations ( and in the CHB and4 41.9# 10 0.5# 10
CEU, respectively—a ratio more extreme than any en-
countered in a study of 132 genes in African American
and European American populations [Akey et al. 2004]),
although it did not entirely account for the high YRI
diversity. The inactive genes were also more diverse in
Africa than outside ( and4pp 4.4# 10 pp 0.7#
, respectively; table 4). The low diversity of the in-410
active genes, particularly outside Africa, provided the
ﬁrst indication that their spread might have been rapid
and thus due to positive selection.
Many analyses can be performed most simply on
regions that have experienced little or no recombination.
www.ajhg.org The American Journal of Human Genetics Volume 78 April 2006 663
Table 3
Caspase-12 and Control SNP FST Values
COMPARISON
CASPASE-12 CONTROL SNPS
Frequencya FST Frequency Range No.
b 95% FST Range
Sub-Saharan Africa and Chinese Han .138 .172 .132–.143 22,943 .016–.271
Sub-Saharan Africa and Europe .132 .253 .127–.138 25,552 .011–.266
a Frequency of the minor allele.
b Number of control SNPs lying in this frequency range.
Table 4
Caspase-12 Summary Statistics
The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
We therefore investigated the LD structure of the region
and identiﬁed an ∼8.6-kb LD block containing SNPs 10–
99, with the stop codon in its center, and used it, together
with the complete region, in further analyses (ﬁg. 2).
Haplotypes were again inferred for the LD block, a task
facilitated by the observation that 57 (74%) of the 77
individuals carried zero or one SNP in this section. We
then investigated whether the inferred pattern of vari-
ation was compatible with neutral evolution.
Neutrality Tests
We ﬁrst examined the evolution of the coding region,
expressed as the Ka/Ks ratio based on the human and
chimpanzee sequences. This was 0.55, indicative of pu-
rifying selection over most of the evolutionary period
but providing little insight into the most recent phase.
Tests based on the variation within humans are better
able to do this.
Neutral models of evolution provide predictions of
expected allele-frequency characteristics, and observed
patterns can be compared with these.We have calculated
Tajima’s D (Tajima 1989), Fu and Li’s D and F (Fu and
Li 1993), and Fay and Wu’s H (Fay and Wu 2000);
results are summarized in table 4. Neutrality is rejected
for both the entire region and the 8.6-kb LD block by
all tests with use of the whole data set. In individual
populations, neutrality is similarly rejected by all tests
for the CHB, but only by Tajima’s D and Fay and Wu’s
H for the YRI and by Tajima’s D for the CEU. These
results can readily be understood in terms of a selective
sweep that has proceeded to different stages in the dif-
ferent populations (see the “Discussion” section).
A second class of neutrality test examines haplotypes
rather than single variable positions. A total of 36 hap-
lotypes were identiﬁed (ﬁg. 3), but one haplotype car-
rying the stop codon occurred 99 times and accounted
for 64% of the sample (and 76% of non-African chro-
mosomes). Thirty-six individuals (47%) were homozy-
gous for this haplotype, so its high frequency cannot be
an artifact of the haplotype-inference procedure. Fu’s Fs
test (Fu 1997), performed on the entire region, shows
that signiﬁcantly fewer haplotypes are found in the whole
sample and in CEU than expected under neutrality (table
4). In the 8.6-kb block, fewer haplotypes than expected
are found in these populations also. We also used coa-
lescent simulations (Hudson 2002) to evaluate howoften
a single haplotype would be expected to occur in 99 of
154 chromosomes under neutrality and howoften a single
haplotype would be expected at the observed frequencies
in the individual populations. Except among the CEU, the
observed frequencies were highly signiﬁcant (table 4; last
column, headed “Common Haplotype Frequency”).
Therefore, according to all the tests used, sequence
variation in the caspase-12 gene is signiﬁcantly different
from that expected under neutrality, and the properties
of the LD block resemble those of the complete region.
Departures from neutral expectation at a single locus
can arise in many ways, including stochastic variation
and demographic change, but, as discussed below, the
simplest explanation for all these deviations is positive
selection.
Haplotype Structure and Phylogeny
A median-joining network was constructed to show
the relationships between the inferred haplotypes of the
8.6-kb LD block (ﬁg. 4). The network had a simple struc-
ture, with little evidence of recombination or recurrent
mutation, as expected from the way the region had been
chosen. The eight haplotypes carrying active genes are
all different from one another and from the inactive genes.
All of the inactive haplotypes clustered together, with 99
chromosomes at the center of the cluster, 29 one step
away, 6 two steps away, and a few more distant. Outside
Africa, the most distant inactive haplotype lay only three
steps from the center, whereas there was more diversity
among the inactive haplotypes in Africa, and not all ra-
diated directly from the central haplotype.
EHH (Sabeti et al. 2002) is a feature of regions that
have recently experienced positive selection. We have
therefore explored the extended haplotype structure sur-
rounding the caspase-12 gene. Fortunately, the stop SNP
was included in the HapMap set (InternationalHapMap
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Figure 2 Structure of the caspase-12 gene. The exon-intron structure—including exon 3, which is present only in some transcripts—is
shown at the top, as is the whole sequenced region and the location of the 8.6-kb LD block. The lower part of the ﬁgure shows the LD block
identiﬁed using Haploview. Each square represents a pairwise value of D′, with the standard color coding (red indicates and ′LOD  2 D p
; pink indicates and ; blue indicates and ; white indicates and ).′ ′ ′1 LOD 2 D ! 1 LOD ! 2 D p 1 LOD ! 2 D ! 1
Consortium 2003); therefore, we could perform this anal-
ysis entirely in silico. We ﬁrst selected cores containing
this SNP and tested regions of 10–100 kb on either side,
but we found that neither EHH nor REHH was signif-
icantly different from the genome average. We then mea-
sured the genetic distance over which EHH remains above
a threshold value (0.5 or 0.2) and compared this with
the corresponding distances for all alleles on chromo-
some 11. These distances were 0.013 cM and 0.079 cM
and fell in the 58th and 41st percentile, respectively, so,
again, were not unusual (see ﬁg. 5). A related analysis
by Pritchard and coworkers revealed a similarly nonsig-
niﬁcant value of the measure iHH (integrated EHH) (B.
Voight, S. Kudaravalli, and J. Pritchard; personal commu-
nication). One explanation could be that sufﬁcient time
has elapsed for the long-range structure of the selected
haplotype to decay; therefore, we wished to understand
the timing of selection more fully.
Age of the Mutation: Timing and Strength of Selection
The frequency of an allele provides one guide to its
age: it begins as a single copy, and the time required to
rise to an observed frequency under neutrality or differ-
ent selective regimes can be estimated (Grifﬁths 2003).
According to this model, the stop codon would require
almost 1 million years to reach 96% under neutrality,
but this time would be greatly reduced by positive selec-
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Figure 3 Inferred caspase-12 haplotypes. Only positions that are variable in humans are shown, coded according to whether they carry
the same allele as chimpanzee (white) or not (yellow), except that the stop-codon polymorphism is shown in blue or red, respectively. The low
diversity and high frequency of derived alleles can be seen in the inactive genes.
tion—for example, to 27 KY if it conferred a selective
advantage of 1% (table 5). However, unless the selec-
tion coefﬁcient can be estimated from other sources, this
method does not provide an absolute age. We next es-
timated the TMRCA of the inactive alleles, using a phy-
logeny-based method (Bandelt et al. 1999), by means of
the measure r, the average number of mutations from
the root. This requires that a root be speciﬁed, and three
different roots were investigated. Through use of root 1
(ﬁg. 4), a mean (SD) of KYA was obtained552 276
for the entire set of inactive haplotypes. The sensitivity
of this estimate to the speciﬁcation of the root is illus-
trated by the use of root 2, one step away, which led to
a time of KYA. A TMRCA for the star-shaped397 223
cluster, through use of root 3 and without the haplo-
types that lie between this root and the active genes,
gave KYA. The ﬁrst two times provide infor-61 16
mation about when the inactivation mutation occurred,
whereas the third provides information about when a
subset of inactive chromosomes started to expand, so
they are expected to differ.
We then applied methods aimed at inferring the time
of selection from the estimated selective advantage con-
ferred by the stop-codon mutation. First, we attempted
to estimate the strength of selection (4Nes) by using par-
ametric models that predict the spatial pattern of nu-
cleotide diversity and allele-frequency spectrum around
the putative target of selection (composite likelihood
analyses) (Kim and Stephan 2002; Meiklejohn et al.
2004). We found that the data did not provide signiﬁcant
support for an incomplete sweep compared with a com-
plete one: [completelog (L[incomplete sweep]) log (L
(under the assumption that v [scaledmu-sweep])p 2.38
tation rate per site] p 0.002 p observed level of mean
diversity in active genes; this is likely to be the before-
sweep level of variation in the entire region). This like-
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Figure 4 Median-joining network of inferred caspase-12 haplotypes from the 8.6-kb LD block. Roots 1, 2, and 3 are discussed in the
text. Circle area is proportional to haplotype frequency, and circles are coded according to population.
Figure 5 EHH as a function of genetic distance in the CEU;
corresponding haplotype bifurcation diagram.
lihood ratio is not large enough to reject a complete
sweep, when assessed using data sets simulated under a
complete-sweep model (Meiklejohn et al. 2004). How-
ever, this test of incomplete versus complete sweep has
rather low power and assumes sampling from a single,
randomly mating population, which is clearly violated
by our data. Under the assumption that an incomplete
sweep of the stop-codon mutation indeed shapes the
haplotype structure of the data, the strength of selection
(4Nes) acting on the stop-codon mutation might be ob-
tained by treating the 147 inactive haplotypes as if they
represent a sample from a population in which a com-
plete sweep had occurred (Meiklejohn et al. 2004). The
model of a complete sweep (Kim and Stephan 2002)
applied to the 147 sequences yields the estimate of
. If , this corresponds to a se-4N sp 677 N p 10,000e e
lective advantage of ∼1.7%. This suggests a time for the
mutation of ∼19 KYA. We also performed a full likeli-
hood analysis of the data (Coop and Grifﬁths 2004),
which required a data set free of recombination; we
therefore restricted this analysis to a region of ∼2 kb
around the stop-codon polymorphism (ﬁg. 3). The like-
lihood surface for the selection parameter 4Nes peaked
at ∼315 (ﬁg. 6), a selective advantage of ∼0.8%. With
use of this estimate of 4Nes, the time of the mutation
was estimated from the ∼2-kb region, by use of the
method of Coop and Grifﬁths (2004), to be 0.058 in
units of 2Ne generations, or ∼29 KYA.
Finally, the geographical distribution of the alleles, com-
bined with our understanding of modern human spread,
provides indirect information about their age. Only one
inactive haplotype appears to have left Africa, so this
approach suggests that selection is likely to predate the
exodus ∼50–60 KYA.
Discussion
The inactive form of the caspase-12 gene has spread
recently throughout most of the human population. We
discuss here the evidence that this occurred as a conse-
quence of positive selection rather than of drift, the likely
time scale of events, and the signiﬁcance of the inacti-
vation of this gene for human evolution.
Positive Selection for Loss of Caspase-12
Positive selection leads to the rapid increase of a par-
ticular allele and its surrounding sequences. The avail-
able tests for neutrality/selection capture different con-
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Table 5
Estimates of the Age of the Mutation That Inactivated
Caspase-12 or the TMRCA of Subsets of Inactive Alleles
Basis, Reference, and Conditions or Comments KYA
Frequency (Grifﬁths 2003):
Neutrality assumed 980
1% selective advantage assumed 27
5% selective advantage assumed 4.8
Phylogeny (Bandelt et al. 1999):
Root 1 used (see ﬁg. 3) 552276
Root 2 used (see ﬁg. 3) 397223
Root 3 used (see ﬁg. 3) 6116
Composite likelihood (Kim and Stephan 2002):
1.7% selective advantage estimated 19
Full likelihood (Coop and Grifﬁths 2004):
.8% selective advantage estimated 29
Figure 6 Likelihood surface for the selection parameter 4N se
sequences of the process, and the population samples
fromAfrica, China, and Europe illustrate different stages
of the selective sweep, including complete ﬁxation in the
CEU sample. We would therefore expect the results of
the tests to differ between the populations. Diversity be-
comes substantially reduced only as a sweep nears com-
pletion. The value for the caspase-12 gene worldwide
was (table 4), not very different from the44.5# 10
genomewide and chromosome 11 averages of 7.5#
and , respectively (Sachidanandam et al.4 410 8.4# 10
2001), but the value in the CHB sample was reduced to
( ), and that in the CEUwas4 41.9# 10 SDp 0.9# 10
even lower, ( ), both signif-4 40.5# 10 SDp 0.1# 10
icantly lower than the YRI value ( ;49.1# 10 SDp
).41.7# 10
Similarly, allele-frequency spectra become greatly
skewed only as a sweep nears completion. They therefore
show highly signiﬁcant departures from neutral expec-
tation in the worldwide data set and in the CHB sample,
where there was 1 active gene and 51 inactive genes, but
not in the YRI, where there were more active genes and
greater diversity among the inactive ones. However, on
ﬁxation, the variants that previously contributed the
low-frequency SNPs, singletons, and high-frequency–de-
rived SNPs to the tests are no longer variable in the
population; thus, these tests show slightly signiﬁcant or
nonsigniﬁcant results, as for the CEU. The signiﬁcance
of the values obtained was tested against a model of
neutral evolution, but departures from neutrality can
arise from causes other than selection, such as changes
in population size. We have used simulations of a pop-
ulation bottleneck to explore the effect of one set of
nonneutral demographies on some of these statistics, as-
suming a population size of 10,000 before 2,000 gen-
erations ago (∼50 KYA at 25 years per generation, ap-
proximating the out-of-Africa migration), an instanta-
neous drop to a reduced size that remained until 1,000
generations ago (∼25 KYA, corresponding to a com-
monly estimated start of growth outside Africa) and then
expanded exponentially back to 10,000. The reduced
size ranged from 100 to 1,000 in different runs. We
found (table 6) that the value of Tajima’s D in the CEU
was not unusual under an extreme bottleneck but that
the values observed in the CHBwere never reached, even
under the most extreme reduction in population size. It
therefore seems that the summary statistic test results
are not readily explained by a population bottleneck.
Another way to assess the signiﬁcance of the caspase-
12 statistics is to compare them with empirical data,
although even these comparisons must be interpreted
with caution because they are based on different sample
sets, which may have experienced different demographic
histories. The caspase-12 values from the worldwide or
CHB samples lie outside the 95% empirical range of
132 genes examined in two populations (Akey et al.
2004) and are more negative than almost all those pub-
lished as examples of positive selection (table 7). Only
TRPV6 in Europeans, which was detected as the most
extreme outlier from 264 analyses but for which the
selective agent remains unknown (Akey et al. 2004),
shows lower values.
The unusually high frequency of a single haplotype—
21 (40%) of 52 chromosomes, even in the YRI sample,
and higher in the other populations—provided a robust
signal of departure from neutrality. It has been shown
elsewhere that a single haplotype from a 62-kb region
carrying 166 SNPs is unlikely to reach a frequency of
even 21% under a wide range of demographic models
(Mekel-Bobrov et al. 2005), so such a signal is also ro-
bust to the demographic speciﬁcation. We found no evi-
dence of an unusually extended haplotype associatedwith
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Table 6
Summary Statistic Tests with Use of a Bottleneck
Model in the CEU and CHB Populations
The table is available in its entirety in the online
edition of The American Journal of Human Genetics.
the caspase-12 gene. This can be explained by two fac-
tors. The ﬁrst is the near ﬁxation of the inactive gene,
which drives other haplotypes down to low frequencies
and consequently leads to low power to detect differ-
ences between haplotypes. The second is the time since
the sweep began: the most signiﬁcant EHH/REHH val-
ues have been reported for sweeps beginning !10 KYA
(Sabeti et al. 2002; Bersaglieri et al. 2004). In conclusion,
no plausible combination of demographic and stochastic
factors can account for sequence variation surrounding
the caspase-12 gene, but it shows exactly the signatures
expected for a selective sweep that began early enough
to have reached ﬁxation in some populations but not in
others. Indeed, it shows the clearest evidence of any locus
documented thus far for a worldwide selective sweep in
humans.
Target, Timing, and Strength of Selection
The rapid decay of LD within and surrounding the
caspase-12 gene (ﬁg. 2 and results not shown) indicates
that selection is likely to be acting on the central region
of the gene itself rather than on another gene in LD.
Since the stop-codon polymorphism affects the pheno-
type and is the only variant in this region that is known
to do so, we conclude that it is very likely to be the
target of the selection.
Estimates of the age of the mutation or timing of se-
lection depend on the method used, and all have wide
CIs; nevertheless, all suggest that selection began in the
Paleolithic period, a conclusion that is also consistent
with the lack of EHH/REHH signal. The most recent—
∼19 KYA—is likely to be an underestimate, since it as-
sumed that the inactive genes represented a complete
sweep, whereas the sweep is evidently incomplete, and
additional time is required for ﬁxation. Furthermore, sev-
eral of the methods required assumptions about dem-
ography (a panmictic population of a constant size of
10,000) that are commonly made but are obviously
oversimpliﬁcations. Interactions with other advanta-
geous genes—a kind of assortative mating for “survivor-
ship”—could lead to additional departures from these
simple models. The date based on geography—before
50–60 KYA—thus seems to provide the ﬁrmest lower
date for the time of origin of the mutation, but the upper
limit remains poorly deﬁned. Despite the considerable
uncertainty about the strength and timing of selection,
a selective advantage of ∼0.5%–1% beginning 60–100
KYA would explain most of our observations.
Selective Pressure
“Sepsis is the most common cause of death in infants
and children in the world,” according to a recent review
(Watson and Carcillo 2005, p. S3); deaths ascribed to
the four major killers pneumonia, diarrhea, malaria, and
measles often occur via a common pathway leading to
fatal sepsis. Its incidence is likely to have been even higher
before the availability of modern sanitation and medi-
cines, and its action early in life would have made it a
potent selective force. In modern hospitals, individuals
with two copies of the inactive caspase-12 gene are both
∼7.8-fold more likely to escape severe sepsis and more
likely to survive if they do develop it, whereas hetero-
zygotes show an intermediate level of protection (Saleh
et al. 2004). We therefore suggest that the avoidance
and survival of severe sepsis was the selective force that
led to the spread of the inactive form of the caspase-12
gene.
This hypothesis leads to the question of why, if the
inactive caspase-12 gene is so advantageous, it has not
been ﬁxed in humans and, indeed, in other species.Many
infectious diseases require large host population sizes to
maintain themselves and thus would have been rare or
absent in archaic humans, when population sizes were
small (Dobson 1992). Consequently, in small populations,
there would have been no advantage associated with the
inactive gene, and the evolutionary conservation of the
gene (illustrated by a low human/chimpanzee Ka/Ks ra-
tio) suggests that there may even have been a disadvan-
tage, although the nature of this remains to be identiﬁed.
Thus, selection for the inactive gene would have occurred
only when the human population size became large.
When did the population start to grow? The Neolithic
transition beginning ∼10 KYA was associated with pop-
ulation growth and close contact with domestic animals,
both of which would have increased the number of in-
fections, but genetic studies suggest that the population
started to grow long before the Neolithic period (Wall
and Przeworski 2000). For example, one analysis sug-
gested a start of expansion in sub-Saharan Africa 49–
640 KYA (Reich and Goldstein 1998). According to our
model, there would therefore have been an intermediate
stage in which the active/inactive status of the gene was
neutral or ﬂuctuated between somewhat advantageous
and disadvantageous in time or space. This could ac-
count for the accumulation of relatively diverse inactive
haplotypes in Africa before the enormous expansion of
a single inactive haplotype (ﬁg. 4). But why did only a
single haplotype expand? We cannot ﬁnd any plausible
biological difference between themost frequent haplotype
and the more ancestral inactive ones—the SNPs that dis-
tinguish them lie in introns—so suggest that it could
reﬂect either drift or some other advantage arising in a
single population; if the latter, further studies of the cas-
pase-12 gene may help to pinpoint the population and
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Table 7
Published Summary Statistics for Human Genes
Genes Population Tajima’s D Fu and Li’s D Fay and Wu’s H (P)a Reference
Control genes:
132 genes (95% range) African Americans and
European Americans
1.66 to 1.56 26.9 to 5.5 (.006–.940) Akey et al. 2004
Genes showing positive selection:
TRPV6b European Americans 2.74 45.4 (.0001) Akey et al. 2004
FOXP2 World 2.20 12.24 (!.05) Enard et al. 2002
G6PD World 1.43 1.13 NSc Saunders et al. 2002
Duffy (FY) Mandinkab 1.40 1.81 Hamblin and Di Rienzo 2000
TAS2R16 Brahuib 1.69 .49 5.4 (.002) Soranzo et al. 2005
MATP (AIM1) Europeansb 2.23 2.90 8.0 (!.025) Soejima et al. 2006
CYP3A4 Europeansb 1.76 (.006)c Thompson et al. 2004
a These values should not be compared directly.
b NS p not signiﬁcant. Gene or population showing the lowest values in studies involving many genes or populations.
c Numerical values were not given.
possibly the time in which this hypothetical key advance
arose. More generally, selection on the caspase-12 gene
appears to have started during a key period in human
evolution, when modern behavior was developing. It
therefore provides an example of the signature of selec-
tion that we may expect from this time period when
unknown genes that may have contributed to modern
human behavior may have experienced selection, al-
though the pattern at any particular gene will depend
on many factors, including stochastic variation, local
mutation and recombination rate, and the strength of
selection.
The “less is more” hypothesis of the importance of
gene loss for human evolution (Olson 1999) remains to
be systematically evaluated, but capsase-12 provides one
striking example of the advantage that gene inactivation
can confer and its role in human evolution.
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Web Resources
Accession numbers and URLs for data presented herein are as
follows:
AceView, http://www.ncbi.nlm.nih.gov/IEB/Research/Acembly/av.cgi
?dbp35g&cpGene&lpCASP12P1
DnaSP, http://www.ub.es/dnasp/
Fluxus, http://www.ﬂuxus-technology.com/ (for Network4.1.0.9)
FSTAT, http://www2.unil.ch/popgen/softwares/fstat.htm
GenBank, http://www.ncbi.nlm.nih.gov/Genbank/ (for theCASP12 ge-
nomic DNA sequence [accession number NC_000011] and the chim-
panzee CASP12 sequence [accession number NW_113990])
Haploview, http://www.broad.mit.edu/mpg/haploview/
ms, http://home.uchicago.edu/˜rhudson1/source/mksamples.html
Stephens Web site, http://www.stat.washington.edu/stephens/software
.html (for PHASE)
Sweep, http://www.broad.mit.edu/mpg/sweep/download.html (for ver-
sion 1.0)
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